The ultra-high vacuum (UHV) room temperature adsorption of benzotriazole (BTAH), a well-known corrosion inhibitor for copper, has been investigated on the pristine Au(111) surface using a combination of surface sensitive techniques. The dimensionality of the molecule is reduced from the 3D crystal structure to a 2-dimensional surface confinement, which induces the formation of hydrogen bonded, 1-dimensional molecular chains consisting of alternating pro-S and pro-R enantiomers mainly. The 0-dimensional system is characteristic of gas-phase BTAH, which undergoes a tautomeric equilibrium, with consequences for the resulting adsorbed species. The balance between hydrogen bonding, inter-chain van der Waals interactions and surface-molecule interactions, and the correlation with the dimensionality of the system, are discussed in the light of the experimental results and a computational description of the observed features.
Introduction
The investigation of molecules adsorbed on a surface allows the properties of systems of reduced dimensionality to be addressed, which can be rather different from those of a bulk material such as in the crystal phase [1] . Moreover, the use of unreactive substrates allows one to focus attention on lateral molecule-molecule interactions, whilst lessening the significance of molecule-surface interactions. The delicate balance of these can lead to self-assembly processes, for which a detailed understanding of both the intermolecular and the molecule-surface interactions is fundamental. Among the many interesting features of self-assembly [2] , one of particular interest is the potential formation of molecular chains to act as organic wires [3] , especially over electronically decoupled substrates in the two-dimensional phase [4] . An example of such chains in the bulk phase is obtained by imidazole moieties which can assemble into linear structures [5] . In the case of benzotriazole (BTAH), a well-known corrosion inhibitor for copper and copper alloys in particular [6] , the dimensionality of the system can be controlled by appropriately selecting the relevant experimental conditions allowing for a transition from a 3-dimensional crystal packing, 3D, as in the solid phase of pure BTAH, to a 2D confinement when adsorbed on an inert substrate.
Gas phase BTAH, which occurs when the solid is sublimed, can be considered 0-dimensional. In the condensed phase, BTAH exists mainly in the 1H-BTA (or the equivalent 3H-BTA) form (see Scheme 1 for numbering system of atoms), and 2D confinement of this species introduces chirality. Hence, in this respect, BTAH is considered a prochiral molecule. However, interchange of the two equivalent enantiomers is possible via the tautomeric equilibrium involving the 2H-BTA species (favoured in the gas phase), as shown in Scheme 1a [7] . The equilibrium is defined as a balanced annular tautomerism, as both tautomers have similar energies [7e] . Therefore, the determination of which is the prevalent species in 2D, and how the equilibrium might be shifted to one side or the other, is non trivial. System dimensionality can be further reduced to 1-dimensional (1D) chains resulting from alternating enantiomers. Indeed, as illustrated in Scheme 1b, pro-S and pro-R enantiomers ‡ can alternate connecting through a N1-H---N1' hydrogen bond (hereafter type 1 linkage), where in this case the N1 atom belongs to the pro-S enantiomer, whereas the N1' belongs to the pro-R. This unit can propagate to form a 1D chain through an equivalent N3'-H---N3 linkage. Scheme 1c describes a N1-H---N2' linkage; the resulting unit can propagate through an equivalent N3'-H---N2 linkage, forming a type 2 chain. A type 3 unit is characterised by two equivalent linkages, N2-H---N3' and N2'-H---N3. In principle, the latter unit is better considered as a dimer which allows for propagation by succession of dimers forming a double row stabilised by weaker N'---H-C hydrogen bonding interactions, rather than a N-H---N' hydrogen bonded chain. Moreover, the dimer is formed by two 2H-BTA molecules, and even though the tautomer is achiral, the dimer itself is not. A homochiral dimeric arrangement constituted by two pro-S(pro-R) molecules (not shown), connected by two equivalent N1-H---N2' and N3'-H---N2 in the case of the pro-S enantiomer, will show similar characteristics to the type 3 dimer. A type 4 unit (Scheme 1e) is formed by a 1H-BTA and a 2H-BTA molecule connected through a N2---H-N2' linkage. Although chain propagation through a N1-H---N1' linkage and additional N'---H-C interactions is possible, this is very likely sterically hindered. Note that for type 1 chains, N1-H---N1' links coupled by N3'-H---N3 links (reading from left to right) can become the equivalent N1'-H---N1 links coupled by N3-H---N3' links (reading from right to left) by a simple proton transfer along the chain. With this change, the molecules have switched chirality so that the N' atoms now belong to pro-S enantiomers and the N atoms to pro-R enantiomers. This is equivalent to a 180 o rotation of the chain around the surface normal. In type 2 chains, a similar proton transfer leads to the inequivalent, achiral chain N2-H---N3' links coupled by N2'-H---N1 links, in which case all molecules become the achiral 2H-BTA tautomer. In type 3, the proton transfer around the N4H2 six-membered ring leads to the equivalent description as N3-H---N2' coupled by N2'-H---N2, which changes the type of tautomer, although the chirality of the dimer is not affected. In type 4, the proton transfer on the N2'-H---N2 linkage leads to a swap of the tautomers, whilst preserving the chirality. Although the Au(111) surface is often considered as an inert substrate, benzotriazole has been reported to act as a weak ligand in Au(I)-catalysed reactions [8], and 1,2,3-trizole was reported to coordinate with colloidal gold nanoparticles [9] . Therefore, some interaction with the azole moiety can be expected also for the Au(111) surface, especially at defective sites. Here, the adsorption behaviour of BTAH on the pristine Au(111) single crystal surface in a UHV (ultra-high vacuum) environment, using complementary surface sensitive techniques, is presented and discussed. Adsorption models are proposed based on the results obtained by Scanning Tunnelling Microscopy (STM), High Resolution Energy Loss Spectroscopy (HREELS), X-ray Photoelectron Spectroscopy (XPS), Near Edge XRay Absorption Fine Structure spectroscopy (NEXAFS), and theoretical investigations employing Density Functional Theory calculations (DFT). This study highlights the subtle balance between intermolecular interactions (hydrogen bonding and van der Waals (vdW) interactions), and molecule-surface interactions responsible for the condensation and supramolecular organisation of benzotriazole on a non-reactive substrate. Specifically, weak molecule-surface interactions play an important role in stabilising the different tautomers. Hence, the rationalisation of the molecule-molecule and adsorbatemetal interactions and the characterisation of the arrangement of the different isomers become crucial for understanding BTAH tautomeric equilibria and inferring dimensional controllability.
Results and discussion
Experimental
In Fig. 1 , vibrational spectra recorded following BTAH deposition on the Au(111) to saturation coverage and subsequent annealing are reported. A typical spectrum collected following BTAH adsorption at room temperature, Fig.  1 black curve, shows only the vibrations generated by an outof-plane buckling mode of the full molecule (ca. 275 cm -1 ), 6-and 5-membered rings out-of-plane modes (ca. 415 cm -1 and ca. 505 cm -1 respectively), and an intense vibration at ca. 745 cm -1 assigned to the C-H in phase out-of-plane bending mode (wagging), with a shoulder to the lower energy side due to a N1-H out of plane vibration (ca. 690 cm -1 ). A very weak C-N stretch is seen at ca. 1270 cm -1 . The observation of these modes, together with the absence of a N1-H stretching mode (expected at ca. 3500 cm -1 [7g]), and a very weak C-H stretching mode (ca. 3065 cm -1 ), are an indication of parallel adsorption. Under the surface selection rule, the C-H and the N1-H stretch would be largely dipole inactive, being parallel to the metal surface for a flat-lying molecule. Moreover, all other vibrations are expected to be very weak when compared to the out-of-plane modes. Spectral evolution upon annealing shows that after heating to 353 K, the 400 -500 cm -1 region changes in a way that the 6-membered ring torsion, 415 cm -1 , decreases in intensity faster than the out-of-plane mode (505 cm -1 ). A new peak appears at ca. 980 cm -1 , attributed to stretches of the triazo group, coupled with an out of plane vibration of H-bonded N1-H. A peak at ca. 1590 cm -1 attributed to an in plane bend of a hydrogen bonded Following the other annealing steps, all signals decease in intensity up to 573 K, then disappear. The relative change of the (C-H)/(C-H) ratio with annealing temperatures may indicate a reorganization of the molecular layer at first, and that the subsequent tendency of the molecules to become more strongly adsorbed at step edges and aligned much more upright at extremely low coverage [10] [11] . The molecular orientation and electronic structure of BTAH/Au(111) at saturation coverage, following adsorption at room temperature and without annealing, were also assessed via NEXAFS spectroscopy (Fig. 2) . The fine structure of the π* resonance centred at ca. 400 eV photon energy (PE), with maxima at ca. 399.2, 399.9, 401.4 and 402.3 eV, differs from the one recorded for BTAH adsorbed on Cu(100) [12] , and ZnO(101 ̅ 0) [13] , which were ascribed to chemisorption of benzotriazolate species through one or two nitrogen atoms at the azole end. In the case of BTAH on Au(111), the position of the π* resonance states may be related to the formation of hydrogen bonded structures as discussed below. The features above ca. 405 eV are attributed to * resonances. The angular dependency of both π* and * resonances indicates that the molecular plane lies parallel or perhaps at a very small angle with the metal surface [12, 13] . XPS measurements (see ESI 2) confirmed that BTAH adsorbs intact on the Au(111) surface upon dosing at room temperature. In fact, the N 1s region shows a signal which is best fitted with two Gaussian-Lorentzian (80/20) peaks with maxima at 400.4 eV and 399.4 eV (FWHM 0.85 eV) and an area ratio of 1.7:1 (expected 2:1). The two components represent C-N and N-H environments respectively [14, 15] . Likewise, the C 1s region is characterised by a signal which is best fitted with two Gaussian-Lorentzian (80/20) peaks with maxima at 285.3 eV and 284.3 eV (FWHM 0.68 eV) and an area ratio of 1:2.2 (expected 1:2). The two components are attributed to C-N and C-C environments respectively [14, 15] . Room temperature STM images of the saturated BTAH/Au(111) system show merely streaky features over the herringbone surface reconstruction due to the high mobility of the BTAH molecules. This implies that the overlayer is only weakly physisorbed. As a comparison, BTAH adsorbs on the Cu(111) surface as deprotonated and upright species, in the form of Cu(BTA)2 and CuBTA [10, 11] . In the case of the Cu(111) surface, temperature programmed desorption shows that a saturated monolayer is stable up to ca. 600 K when desorption occurs [11] . On Au(111), which exhibits the typical (22 × √3) reconstruction before dosing (Fig. S3.1) , ordered regions are observed by STM if a saturated layer prepared at 293 K is rapidly cooled to liquid nitrogen temperature (77 K) and subsequently imaged. The surface (Fig. 3a) is then characterised by areas of partial ordering and molecular features showing a tendency to organise in rows. Molecular features typically have rather elliptical shapes, perhaps pointed towards one end, and with a size of ca. 0.7 × 0.5 nm. These measured dimensions compare well with the calculated ones for a gas-phase BTAH molecule [10, 11] . However, there is no evident orientational relationship between the molecular axes and the crystallographic orientation of the surface. Molecules with a brighter appearance are considered to be adsorbed on the ridges of the herringbone reconstruction, which is not lifted ( Fig. S3.2 Please do not adjust margins Please do not adjust margins
As shown in the inset in Fig. 3a , only a few molecules are oriented parallel to each other. Line profiles taken along three different but equivalent [112 ̅ ] type directions suggest that some of the molecules in the adlayer may interact with each other to form double row-structures ( Fig. S3.3 ). In particular, the periodicity along the double row propagation direction is ca. 0.68 nm. The STM evidence indicates that the adsorbates are predominantly physisorbed flat-lying, and upon rapidly cooling the sample to LN2 temperature, the molecular overlayer can be quenched into a (meta)stable state. Relatively mild annealing to 298 K promotes primarily desorption of the more weakly bound species, although some desorption of the monolayer is also seen. The availability of free space on the surface allows some molecular diffusion within the first layer, favouring molecular reorganisation and formation of ribbon like structures (Fig. 3b) . Ribbons appear as double rows with alternating features interlocked into a zip-like structure. At this temperature, the majority of the ribbons seem straight, of well-defined width and periodic along their length. On closer inspection, however, the ribbon's width is seen to vary between 0.63 and 0.73 nm, whereas the distance between neighbouring elements of the interlocked structure can vary from 0.5 nm, corresponding to the shorter dimension of a single BTAH molecule, to 0.78 nm. Some ribbons are seen to bend, as shown on the top right corner of Fig. 3b . In this case, the separation can be as large as 0.92 nm, whereas the width then typically varies between 0.78 and 0.85 nm. With annealing to 308 K, the relative number of curved ribbons increases. In correspondence with the increased curvature, the elements of the chains seem more elongated and less defined. This is tentatively attributed to the increased availability of free space for each molecule, so that its orientation relative to the propagation direction of the chain becomes better defined, with the azole ends pointing in towards the middle of the chain, and therefore the long axis of the molecule becoming perpendicular to the chain direction.
The higher the annealing temperature, the longer the strands, but also the wider the empty areas, where atomic resolution of the gold substrate can be observed (see Fig. S3 .
4).
After annealing to 318 K ( Fig. 3c ), ribbons no longer run randomly across the surface, but assume a zig-zag pattern reminiscent of the herringbone reconstruction, which seems to influence the surface topography, exerting a confinement effect. In this configuration, the ribbon propagates along the ridges, so that the short molecular axis is parallel to the ridges, whereas the long molecular axis is almost normal to the ridges. Discrete four-fold features are often present at the elbows of the herringbone reconstruction. After annealing above 323 K, the quality of the STM images deteriorates and molecular features are seldom visible ( Fig. S3.5 ). However, HREELS in particular, and XPS, show evidence of molecular species up to 573 K. This implies that, while molecular coverage decreases with increasing temperature, more free space on the surface is available and molecules are able to diffuse freely. Hence they are no longer visible to the STM, although still present on the surface A second type of feature seen up to 308 K correspond to areas appearing as halos of characteristic doughnut shape, with the outer region brighter than the inner, several examples of which can be seen in Fig. 3b . Halo features are 5-or 6-fold structures, some of them empty, some filled with an additional feature in the middle (Fig. S3.6 ). These are bound even more weakly and may be easily displaced by the tip revealing atomic resolution of the gold. Halos initially appear to increase in number, then also in surface area and in groups. They are thought to be the manifestation of trapped molecules within the pores created but the chains. These molecules can hop between surface sites and are also weakly bound to the molecules in the confining chains. This hopping motion gives rise to the halo appearance of diffuse hexagonal or pentagonal arrangements. Examples of these features are reported in Please do not adjust margins Please do not adjust margins
Modelling
Despite a large computational effort, azole adsorption has been considered on reactive substrates [6, [16] [17] [18] [19] [20] [21] [22] [23] [24] , but not on inert materials such as here described. As has been reported [16] , it is challenging to describe the adsorption of BTAH on such reactive metal surfaces via DFT methods. In fact, both the contributions of the electronegative azole moiety preferentially interacting through chemisorption, and the benzene ring interacting via vdW forces, have to be taken into account. This scenario is only slightly modified when considering the adsorption on a less reactive surface such as Au(111). Another parameter to be considered is the BTAH tautomeric equilibrium [7] (Scheme 1a) and its influence on the molecular configurations which can be produced upon adsorption. As already highlighted, although experimental evidence [7b-c] suggest that benzotriazole exists mainly in the 1H-BTA (3H-BTA) form in the condensed phase, and 2H-BTA in the gas phase, DFT calculations show that in the gas phase the two tautomers have very similar energies. Their calculated relative stability depends on the method used (see ESI4). The combination of 1H-BTA (3H-BTA) and 2H-BTA in the gas-phase shows the possibility of favourable hydrogen bonding interactions. Dimers are described as shown in Scheme 1b-e and dimerization energies, Edim, calculated using Equation (1), are summarised in Table 1 :
where EAB is the energy the dimer, and EA and EB are the energies of the isolated molecules considered. Gas phase calculations employing two different functionals (vdW-DF [25] and PBE-D3(BJ) [26] ) show that the most stable dimer is formed by two 2H-BTA molecules (type 3). This is likely a consequence of the double hydrogen bond between the molecules. Dimerization energies for the other dimers follow the same trend for both functionals, being somewhat lower for the vdW-DF functional. When adsorbed on the Au(111) surface, the most stable is the type 1 dimer, with the molecules' longer axes essentially parallel to each other and oriented along close packed directions (details are reported in ESI5). Adsorption energies per molecule, Eads, are calculated using Equation (2):
where Edimer/Au(111) is the energy for the dimer adsorbed on the Au(111) slab, EBTAH,gas phase is the energy of the 1H-BTA tautomer, and EAu(111) is the energy of the Au(111) slab. The results follow the same trend with the two functionals employed. Results are summarised in Table 2 . The dependency of the dimers' orientations with respect to surface crystallographic directions highlights that the interaction with the surface plays an important role in stabilising each dimer, especially types 1 and 3.
The repetition of dimers of types 1 and 2 is expected to form chains leading to propagation, whereas the repetition of the type 3 dimer can create a row-like feature. These, however, are very challenging to mimic by DFT, as the structures experimentally observed are incommensurate. Eads are then normalised by the surface area covered by the adsorbates. The computed energies per molecule (Table 3) show an increase in stability when forming chains where the tautomeric hydrogens are coordinated by a type 1 linkage, followed by type 2. However, when normalizing by the footprint occupied by the hexamers, the adsorption energies show very small variations, with type 2 resulting in the most stable. To achieve a direct comparison with the extended chains experimentally observed (Fig. 4a-b) , STM images for the three different hexamers were simulated (Fig 4c-e) . When comparing the portion of chain highlighted in Fig. 4a-b with the STM simulation for the hexamers, the best agreement is found with a type 1 chain (Fig. 4c) . (Figs. 4f-h ), which may correspond to expected line profiles, allowed emulation of the pseudo-periodicity of the chains formed by the hexamers. A pseudo-periodicity between 9.56 -9.70 Å is calculated for a type 1 chain (Fig. 4c) . However, STM images show much shorter periodicity, especially for straight segments, which could correspond to chains based on other types of interactions. In Figs. 4d and 4e chains based on type 2 and type 3 interactions, respectively, are shown. The extrapolated nitrogen atoms positions for those arrangements have shorter pseudo-periodicities, 6.56 -6.58 Å and 6.93 -6.97 Å, respectively. The calculated pseudo-periodicities are in good agreement with those experimentally observed (Fig. S3.9) . The presence of features exhibiting different types of interactions is further confirmed by the analysis of the HREEL spectra, when compared to the computed vibrations (details are reported in ESI6).
As already highlighted, upon annealing to 318 K (Fig. 3c ) a different molecular packing seems to occur. The observed topography suggests chains to be confined between the ridges of the herringbone reconstruction and BTAH molecules interacting with each other essentially through interaction type 1.
Therefore, further modelling was employed to obtain a deeper understanding of the interaction of this type of chain with the substrate (Fig. 5a ). This consisted of calculating the adsorption energies per molecule for a series of chains composed of three to six BTAH molecules adsorbed on the Au(111) surface. A hexamer based on type 1 linkage was initially optimised on the surface. Then one molecule was removed from each end alternately, and the resulting configuration was re-optimised. The minimum number of molecules considered for this model corresponds to the shortest chain containing a BTAH molecule coordinated with two others (trimer), allowing therefore to consider both amino-[N] and imino-[NH] termini. Alternatively, this sequence can also be interpreted as growing the chain from the imino-to the amino-terminus and vice versa. In all cases, the growth from the amino-to imino-terminus (growth direction B in Fig. 5b ) was the most stable (Fig. 5b, middle) . With increasing chain length, the different molecules lie on different adsorption sites; this represents a varying surface-molecule interaction along the chain. Because of the interaction with the substrate, the molecules are not able to link together via the optimal configuration for the N1-H---N3' hydrogen bond, as seen in the gas phase, resulting in distorted angles. This distortion appears more evident in the final stages of growth, where the last unit added to the pentameric chain to form the hexamer leads to higher electron density along these bonds. The energetic implications of distortion of the H-bond, and change in adsorption sites in the growing chains, cannot be separated. The difference in energy can be explained considering different contributions involving moleculesubstrate and molecule-molecule interactions, where the difference between the set of n-mers decreases with increasing number of units (Fig. 5b, right) . Remarkably, despite the fact that the molecules lie in different adsorption sites, the difference in energy for a given pair of adjacent n-mers is lower than 20 meV. The balance between these two phenomena, molecule-molecule and substrate-molecule interaction, can be used to explain the pseudo-periodicity of the extended chains recorded experimentally. Without the substrate these chains would not prefer to lie flat and form the structures observed here. The substrate represents an environment to propagate the chains in a pseudo-periodic arrangement, while allowing for distortion of the highly directional N1-H---N3' hydrogen bond. Essentially, the longer the chain, the more significant is the hydrogen bonding, while the relative contribution from interaction with the surface (which occurs mainly through the terminal molecule) decreases. This is demonstrated by the electron density plots. In addition, the peripheral region of the benzene rings exhibits a greater electron density than the inner area, implying that chains are expected to repel each other. Thus, the surface plays an important role, in that it acts as a template to create unidimensional arrangements on the substrate plane. Because the difference in adsorption sites does not lead to abrupt changes in adsorption energies, the growth of the extended linear chains can be ascribed to the fact that this particular type 1 configuration is driven by a comfortable assembly of the N1-H---N3 geometry between the 1H-BTAH building units.
Discussion
BTAH is a corrosion inhibitor for copper and its alloys well known since the 1950's [27] . However, the mechanisms, by which adsorption and passivation occur, remain thus far a matter of debate. Furthermore, there is no universal agreement on how BTAH adsorbs on such metallic substrates [6, [10] [11] [16] [17] [18] [19] [20] . Substantial efforts [6, 10-11, 16-24, 28-29] have addressed the identification of the structures that BTAH / BTA -form on low index copper surfaces, especially (111), through chemisorption at the azole moiety and/or physisorption through the delocalised π system. Previous investigations focused solely on reactive surfaces [6, 10-11, 16-24, 28-30] ; in particular physisorbed H-bonded chains of BTAH on Cu(111) have been previously considered by DFT calculations [18] , yet because on copper deprotonation on the N1-H bonds occurs [10 -11] , polymerisation based on hydrogen bonding is not observed. When dosed on an inert substrate, which is ineffective in removing the N1 hydrogen and unreactive toward the azole functionality, hydrogen bonding and vdW interactions are expected to prevail. Therefore a flat-lying adsorption is anticipated. Some aspects of BTAH chemistry and adsorption properties can be derived considering the dimensionality of the system.
The 3-dimensional and 0-dimensional systems.
In the condensed phase, benzotriazole essentially exists in the 1H-BTAH (3H-BTA) form. To date, two polymorphs are known to exist: the  polymorph is reported as monoclinic and contains four molecules in the asymmetric unit cell [31] . Of four symmetry-unrelated molecules, three form polymeric chains through N---H-N hydrogen bonds (as in the type 1 linkage), whilst the fourth molecule is linked to the chain through N---H-N and C-H---N hydrogen bonds. The  polymorph is characterised by a triclinic unit cell, containing ten molecules forming polymeric chains through N---H-N hydrogen bonds joining into a large and discrete supramolecular macrocycle [32] . Therefore, BTAH essentially consists in the solid phase of the N---H-N hydrogen bonded 1H-BTAH tautomer. Moreover the 2H-BTA tautomer is not present in polymorphs  and  [31, 32] . In the solid phase, the pro-S and pro-R enantiomers of Scheme 1 are indistinguishable, as chirality is introduced only by adsorption. Upon sublimation, the 2H-BTA tautomer readily forms because of the fast tautomerisation reaction [7] . The 0-dimensional system is represented by gas-phase BTAH, for which the tautomerisation reaction occurs. The argument on the prevalence for one or the other tautomer is based on both DFT calculations and experimental evidence [7] . In particular, the 1H-BTAH (3H-BTA) tautomer was concluded to be predominant in the condensed phases, in contrast to the 2H-BTA tautomer in the gas phase at low temperatures [7b-c]. This was ascribed to a balance between lone pair repulsions favouring the 2H-BTA tautomer, and aromaticity favouring the 1H-BTAH one. Another factor considered was the tautomers' dipole moment, much higher for 1H-BTAH, thus favouring interactions with itself and with a polar solvent [7c]. However, gas phase stabilisation energy calculations show that the two tautomers in their ground states are essentially degenerate, and the different energy contents seem to be related to the different functionals used in the calculations [7f and ESI4]. Therefore, the pseudo-degeneracy present in the gas phase can be lifted in the condensed phase, as in the solid or solution phases of BTAH, or upon a surface by substrate-and moleculemolecule interactions when adsorbed at different coverages. When considering the first excited state, BTAH seems to exist exclusively as the 2H-BTA tautomer, which unexpectedly, is also reported to be non-planar [7d].
3.2. The 2D surface confined system. When condensation on the surface occurs, it has to be assumed that the 2H-BTA tautomer arrives at the substrate and, because of the transition from the gas to the condensed phase, the tautomeric equilibrium shifts towards the formation of equal amounts of pro-S and pro-R species, which are now distinguishable. After condensation, self-organisation in double Please do not adjust margins Please do not adjust margins rows of flat lying molecules may occur. STM shows local ordering, but only a few molecules have their longer axes parallel to each other (Fig. 3a, inset) . However, further identification of the molecular species on the saturated layer is very challenging, essentially because of the heterogeneity of the molecular orientations. On the basis of dimerization energies, some H-bonded pairs can reasonably be considered to form, but the relation between the pairs is not readily experimentally accessible. HREELS confirms the flat lying adsorption geometry, and strongly indicates that various molecular pairs may be present, albeit in different amounts.
3.3. The 1D surface confined system. The annealing treatments, following room temperature adsorption, allow the formation of racemic chains, which comprise alternating pro-S and pro-R enantiomers. The basic coordination between adjacent enantiomers occurs through a N1-H---N1' hydrogen bond (Scheme 1b) corresponding to the more stable linkage type 1. A chain based on such a linkage would be expected to be regular in width and periodicity, and to propagate indefinitely on an electronically flat, jellium-type surface. However, several effects may influence chain topology and propagation, such as pro-S/pro-S (pro-R/pro-R) defects, the inclusion of the 2H-BTA tautomer, the interaction of the molecular species with the substrate, and in particular the effect of the surface corrugation. The 2H-BTA tautomer, other than terminating a chain, may in a broader sense play a role in the variation of topology and periodicity of the chains. For example, the pro-S/pro-R alternation could change to pro-R/pro-S through a 2H-BTA tautomer, as in the pro-S/pro-R/2H-BTA/pro-R/pro-S sequence, and the 2H-BTA tautomer would appear as a kink in the chain. Shorter pseudo-periodicities of some chain sections point to some possible sequences of several 2H-BTA tautomers, which have to be regarded as a series of dimers one next to the other (as in type 3, scheme 1d) stabilised by C-H---N intermolecular hydrogen bonds, weaker when compared to N-H---Ns'. Other possibilities for shorter pseudo-periodicities are sections of pro-S/pro-R chains based on interactions other than type 1. This agrees with the calculations on the adsorbed hexamers (Fig. 4) , which show that when energies are normalised by the area covered by the hexamers, the type 2 (less stable than type 1 as a condensed dimer) becomes more favourable. Type 2 chains are therefore stabilised by the substrate. The presence of both types of enantiomer, tautomers, and different types of interactions within a chain, are strongly suggested by both HREELS and STM, and supported by the DFT modelling: a) the HREEL experimental spectra can be best fitted with contributions derived from each of the chain linkages considered as shown in ESI6; b) the pseudo-periodicities and varying chain widths seen in STM (Figs. 3a-c and S3.9 ) imply different coordination between the molecular species; and c) DFT modelling shows that the variation in stabilisation energy is very small, rendering all the chain linkages feasible. When the chain type based on the most favourable linkage 1 is considered, the interaction with the surface results in both variable molecule-molecule spacing and curvature of chain portions. This is accounted for by the model proposed in Fig. 5 . In the absence of any surface potential, the two-dimensional chain growth would be independent of direction. However, when considering even a weakly modulated surface potential, anisotropy in growth direction can arise. In the present case, the chains are effectively already 'locked' at one end. And the further added molecules will result in inequivalent positions when growing from one direction compared to the other. Presumably, the energy barriers to achieving optimal configurations (i.e. straight) by chain diffusion is too great on the surface, so different stabilisation energies arise, and those will determine the preferential growth direction. Surface corrugation effects are manifested most obviously at low coverage, when confinement of the chains between the herringbone ridges occurs. These hydrogen bonded chains differ from those observed during the onset of adsorption of BTAH on Cu(111) [10] . In the latter case, chain-like features were considered to be constituted by a series of upright Cu(BTA)2 species, likely anchored to the surface via the two N2 atoms [10, 11] . Propagation was ascribed to lateral interaction between the dimers, which remained as isolated units, with an average separation of 1.1-1.2 nm. Hence, a polymeric structure was not formed. Gattinoni and Michaelides have calculated that these stacked dimers are associated with hydrogen atoms adsorbed on the surface as impurities that favour surface reconstruction, and represent the lowest energy configuration [16] . Indeed, atomic hydrogen is known to induce reconstruction of the Cu(111) surface [33] . The chains experimentally observed are also different from the so-called necklace polymer, which comprises upright BTA molecules intercalated by copper atoms [16, 18, 20] . Here, when adsorbed on Au(111), chains are formed by physisorbed, flat-lying BTAH molecules interacting through hydrogen bonds. The main difference between the two systems arises from the fact that deprotonation does not occur because a reactive metal is not involved, thus impeding the formation of metal-organic species. As the molecules are still intact and flat lying on the Au(111), the possible intermolecular interactions are via hydrogen bonds to form the chains, and vdW inter-chain and chain-surface interactions. Other than chain-like structures, centrosymmetric structures are observed via STM (see ESI3). In order to form these kinds of structures, only molecules of the same chirality need to be considered. The structures mostly seen are hexamers, which correspond to the geometrical shape introducing least deformation on the N1-H---N3' hydrogen bond. Occasionally, these 6-fold entities can trap an additional molecule. These are examples of 2-dimensional systems within an overall 1-dimensional framework.
The study of the adsorption of BTAH on an unreactive metal surface can now be described in more detail, shedding light on some crucial aspects of its behaviour on more reactive surfaces, such as whether or not deprotonation occurs during sublimation in vacuum, or because of subsequent adsorption over a reactive surface [10, 11] , and whether or not the 2H-BTA tautomer can be stabilised in the condensed phase. As discussed, there is substantial evidence pointing towards the condensation of an intact molecule. Therefore, any deprotonation inferred on reactive surfaces must be ascribed to the interaction with that substrate, especially with defective sites, or more likely with freely diffusing and very reactive adatoms. Those interactions may also be responsible for the stabilisation of the 2H-BTA tautomer, the presence of which was inferred by the comparison of computational and experimental evidence.
Experimental and computational details
The Au(111) single crystal was cleaned by Ar + ion sputtering and annealing (ca. 830 K) cycles until a surface characterized by the typical (22×√3) structure of the reconstructed clean substrate was observed by both LEED and STM. BTAH dosing was carried out by simply opening a gate valve separating a quartz crucible containing the compound from the main chambers containing the Au(111) crystal held at room temperature. BTAH has a vapour pressure high enough at room temperature to sublime under UHV conditions [34] . HREEL (VSW HIB 1001 double-pass spectrometer) measurements were carried out in a UHV system with a base pressure better than 1 × 10 -10 mbar, in the specular direction (θi = θf = 45°), with a primary beam energy of 4 eV and a typical elastic peak resolution of ca. 50 cm −1 (6.2 meV FWHM). A maximum likelihood based resolution enhancement method [35] was used to recover the spectra from the instrumental broadening, leading to an improved resolution of ca. 40 cm −1 FWHM. STM experiments were performed in a separate UHV surface analysis system with a base pressure below 1 × 10 -10 mbar consisting of a preparation chamber allowing for standard sample preparation and a microscope chamber housing a CreaTec low-temperature STM. STM data were collected at 77 K in constant-current mode using homemade PtIr tips. Images were processed using the WSxM software package [36] . NEXAFS studies were performed at the SuperESCA beamline [37, 38] of the Elettra third generation synchrotron radiation source in Trieste, Italy. The experimental chamber was equipped with a Phoibos hemispherical energy analyzer (SPECS GmbH) with a homemade delay-line detector [39] and has a background pressure of about 2 × 10 -10 mbar. NEXAFS data were collected by monitoring the yield of N KLL Auger electrons at 380 eV. Data were normalised following an established procedure that includes dividing the spectrum of the adsorbate covered surface by that of the clean surface [40] , having first divided each spectrum by the measured incident photon flux as recorded from a clean gold mesh located close to the main experimental chamber. Data were recorded for angles of incidence in the range 20° ≤  ≤ 90°; the angle between the X-ray beam and the electron energy analyser was 70° and the linear polarisation of ca. 100%. Density Functional Theory (DFT) [41] calculations were performed using projector augmented wave (PAW [42] ) as implemented in the Vienna ab initio simulation package (VASP) [43] . Structures were optimised employing a non-semiempirical van der Waals density functional (vdW-DF [25] ) to describe the non-localised exchange-correlation. Valence electrons were described using plane-waves to an energy cut-off of 400 eV. Grimme dispersion correction D3 [44] scheme was applied to describe dispersion interactions when using the Perdew, Burke and Ernzerhof (PBE) functional [45] . In the latter case, BeckeJonson(BJ) damping was used to modify the exchange potential of the PBE-D3 functional, which has been tested to produce better description of solids, as a consequence of avoiding repulsive interatomic forces at short distances [26] . The Au(111) surface was modelled by three layers of metal where the top upper layer was allowed to relax. Adsorbed structures were simulated as isolated dimers and hexameric chains, which were optimised on (6 × 6) and (12 × 12) unit cells respectively. To avoid spurious interaction between periodic images, a vacuum region > 15 Å was included. The integration of the first Brillouin zone was sampled using 3 × 3 × 1 k-points for the dimers and the Γ-point for the larger unit cells containing the hexamers. All structures were relaxed using the conjugate gradient method with a restrictive convergence criterion for the self-consistent cycle of 10 -6 eV, with residual forces smaller than 0.015 eV/Å. Born charges were calculated using density-functional perturbation theory (DFPT) [46] to obtain the simulated vibrational spectra. The procedure followed to calculate the intensities for the different vibrational modes is described in detail in ESI6.
Conclusions
The room temperature adsorption of BTAH on Au(111) has been investigated using complementary surface sensitive techniques and theoretical calculations. Significant considerations regarding the dimensionality of the system were derived. BTAH is essentially present as the 1H-BTA tautomer in the 3D crystal structure, and is characterised by some degree of polymerisation through various N-H---N hydrogen bonds and weaker C-H---N intermolecular interactions. The 2D confined layer obtained upon saturated adsorption on an unreactive substrate is characterised by the presence of equal amounts of pro-S, pro-R enantiomers, and the 2H-BTA tautomer. Flat-lying 1D chains form mainly through the most favourable N---H-N interaction upon mild annealing, whilst pro-S, pro-R enantiomers and the 2H-BTA tautomer are still present. The subtle interplay between hydrogen bonding, surface-molecule and chain-chain van der Waals interactions has been highlighted. In the absence of surface corrugation, a chain would grow linearly and with a well-defined periodicity. The interaction with the substrate is responsible for irregular periodicity and widths of the chains. In a very low coverage regime, the surface reconstruction can exert some confinement Please do not adjust margins Please do not adjust margins effects on the chains, which are nevertheless free to diffuse to some extent. Centro-symmetric, probably homochiral, structures are seen as a minority feature; they represent 2D structures within an essentially 1D framework. Gas-phase BTAH, characterised by the tautomeric equilibrium reaction, represents the 0D system. Moreover, these results may contribute to understanding further the surface chemistry of benzotriazole, a well know corrosion inhibitor for copper and copper alloys.
